Abstract
Introduction
generally have a rigid cell wall, due to its adaptability to grow under variable ambient conditions,
48
with predatory organisms and high organic content (Park et al., 2011).
49
In order to improve microalgae anaerobic digestion, pretreatment methods are currently 50 being studied. So far it has been shown that reactors with a hydraulic retention time (HRT) of at 51 least 20 days, preceded by some pretreatment step are required for reaching a methane yield around (Table 1) . Pretreatment was performed in glass bottles of 250 mL with a useful volume of 95 150 mL. Bottle caps were slightly loose. During hydrothermal pretreatment biomass was placed in 96 the autoclave and temperature was raised to the target value. In this moment, biomass was 97 maintained under the target temperature for the whole exposure time. Then pressure was gradually 98 released to reach atmosphere conditions. Finally, biomass was cooled to room temperature and 99 stored at 4 ºC until use.
100
Organic matter solubilisation was determined to evaluate the effectiveness of the 101 pretreatment prior to BMP tests. The solubilisation degree (%) was calculated according to Eq. 1,
102
where VS corresponds to total volatile solids, VS s corresponds to soluble volatile solids and the BMP tests were used to compare the anaerobic biodegradability of pretreated and non-pretreated microalgal biomass. To this end, microalgal biomass (1.5 L) was harvested once for all trials.
(Spain) was used as inoculum. The selected substrate to inoculum ratio was 0.5 g VS s /g VS i (Passos et al., 2013b), corresponding to 28 g of microalgae (substrate) and 32 g of sludge (inoculum) per bottle. Serum bottles (160 mL) were filled with distilled water up to 100 mL, flushed with Helium gas, sealed with butyl rubber stoppers and incubated at 35 ºC until biogas production ceased. A 113 blank treatment with only inoculum was used to quantify the amount of methane produced by 114 endogenous respiration. Each pretreatment was performed in duplicate, whereas the control (non-pretreated biomass) and blank (inoculum) were performed in triplicate. Biogas production was
116
calculated by subtracting the blank results to each trial. The methane content in biogas was analyzed 117 twice a week by gas chromatography (GC).
119

Continuous reactors
120
The influence of pretreatment on microalgae anaerobic digestion performance was monitored using 121 two lab-scale reactors (2 L), with a useful volume of 1.5 L. In this manner, control and pretreated 122 biomass were simultaneously investigated. Reactors were operated under mesophilic conditions (37 ± 1 ºC) by implementing an electric heating cover (Selecta, Spain 
141
were determined once a week.
142
VFA were analysed in soluble phase by gas chromatography (GC) (Agilent Technologies 
151
Microalgae species identification and cell wall integrity images were taken with an optical 152 microscope (Aixoplan Zeiss, Germany), equipped with a camara MRc5, using the software
153
Axioplan LE. Basic microalgae diversity morphotypes were identified from classical specific 154 literature (Palmer, 1962; Bourelly, 1966) . For transmission electron microscopy (TEM) images,
155
biomass was centrifuged at 2000 rpm for 5 min and fixed in a mixture of 2% paraformaldehyde and 156 2,5% glutaraldehyde, as described in our previous study (Passos et al., 2014a). Samples were 157 examined using a JEOL 1010 TEM at 100 kV accelerating voltage.
Statistical analysis
In BMP tests, anaerobic digestion kinetics were fit by the least square method. corresponded to 20 days HRT. Energy input was divided in to electricity and heat demands.
170
Parameters used are summarised in Table 2 .
For the anaerobic digestion of non-pretreated microalgal biomass, input heat was calculated as the energy required to heat influent biomass from ambient temperature (T a ) to digestion temperature (T d ), according to Eq. 2. The density (ρ) and specific heat (γ) of microalgal biomass losses through the reactor wall were considered, the heat transfer coefficient (k) was assumed to be 
192
Input electricity (Eq. 4) for both control and pretreated digesters, was estimated from the 
198
The energy output from the anaerobic digestion was calculated from the methane yield, 
204
Finally, results were expressed as energy balance (∆E) and energy ratio (E o /E i ) for both 205 control and pretreated reactors. The energy balance was calculated as the difference between the 206 energy output and energy input (heat and electricity) (Eq. 6), while the energy ratio was calculated 207 from the energy output over the energy input (heat and electricity) (Eq. 7). (Table 3) . This is in accordance with our previous study on thermal (Table 4) .
253
Weekly average methane yield from each reactor is shown in Fig. 2 ; hydrothermal pretreatment 254 clearly enhanced anaerobic digestion performance. The methane production rate and methane yield 255 of non-pretreated microalgal biomass were 0.07 L CH 4 /L·day and 0.12 L CH 4 /g VS, respectively, 256 with a VS removal around 30%. After the pretreatment step, the methane production rate increased 257 to 0.12 L CH 4 /L·day (58% increase) and the methane yield to 0.17 L CH 4 /g VS (41% increase), with a VS removal around 40%. In fact, the methane production rate and yield were significantly especially for the control reactor, the methane yield reached very low values of 0.06 L CH 4 /g VS.
higher methane yields may be reached when biomass is composed by species with less complex cell 263 wall structure than those typically found in HRAP treating wastewater (e.g. diatoms). Indeed, in our 264 previous studies, microalgal biomass harvested from the same pilot system reached average average methane yield, although it was consistently higher in the pretreated one (Fig. 2) .
273
Concerning the stability of digesters, pH values were stable during the whole period, ranging 274 from 7.0 to 7.6 (Table 4) (Table 4) . was mainly composed by Oocystis sp. Non-pretreated microalgae are shown in Fig. 3a and 3b 304 before and after anaerobic digestion, respectively. In the digestate (Fig. 3b) , most Oocystis sp. cells Pretreated microalgae are shown in Fig. 3c and 3d before and after anaerobic digestion, respectively. After hydrothermal pretreatment, Oocystis sp. cells were affected and damaged (Fig. and there were many granules. Note that chloroplasts, which were clearly detected in fresh biomass (Fig. 3a) , were completely disrupted in pretreated biomass (Fig. 3c) . In the digestate, almost no cells were found (Fig. 3d) . This suggests that the increase in methane yield after pretreatment was due to 315 microalgae which could not be digested without pretreatment.
316
These observations were confirmed by TEM images of non-pretreated (Fig. 4a-b ) and 317 pretreated ( Fig. 4c-d) Oocystis sp. cells. Damaged intracellular structure can be observed in Fig. 4c .
318
The space between the cell wall and cytoplasm indicates that the pretreatment disrupted organelles.
319
Furthermore, the external layer of the cell wall of Oocystis sp. was disrupted (Fig. 4d) . In fact, 
326
Information on microalgal biomass characteristics using microscopic images is crucial to 327 understand the effect of pretreatments on the cell structure and, consequently, on the anaerobic 328 digestion performance. As can be seen in Fig. 2 , the methane yield of both digesters had a 
354
In our case, the energy balance was recalculated including a centrifugation step to determine , respectively without thickening step ( Table 2 ). The energy input for the centrifuge was 360 estimated considering an electricity consumption υ of 0.04 kWh/kg TS (Suh and Rosseaux, 2002), according to Eq. 7. In this hypothetic scenario, the energy output after centrifugation was assumed to be the same as for the non-thickened biomass. 
Conclusions
